et al.. Contamination sources of PCDD/Fs, non-ortho PCBs and PAHs in sediments of high and low impacted transboundary rivers (Belgium-France). Chemosphere, Elsevier, 2011, 85 (2), pp.203-209. ABSTRACT Polycyclic aromatic hydrocarbons (PAHs), dioxins (PCDD/Fs and dioxin-like PCBs) and trace metals have been assessed in sediment samples from the Yser and the Upper-Scheldt rivers.
INTRODUCTION
Sediments are archives of past and present anthropogenic activities located in the vicinity of an aquatic system. However, in some cases the contribution of long range pollutant transport should be taken into account. Direct wastewater discharges from industrial origin (point source) are the easiest traceable in sediments but pollutants associated with contaminated soils alongside the river border can also accumulate in the same sediments via rainwater run-off (diffuse source). On a local scale, unprotected waste dumping sites or stockpiles contaminate the soils around, while atmospheric deposition (vapor and aerosols) can pollute much vaster areas.
The Upper-Scheldt (see Figure 1 ; a more detailed description is given in the Methods and Materials section) is a transboundary river, having its source in the North of France and then flowing to Belgium (Flanders) and the Netherlands. The total length of river and estuary is 350 km while the length of the Upper-Scheldt between Oudenaarde and its source (Saint-Quentin) amounts to 165 km. The environmental stress on the Upper-Scheldt river is very high due to important historical industrial activities such as coal mining, electricity production, steel and non-ferrous metals' smelters, textile manufacturing, .. and present activities such as textile manufacturing, glass production, steelworks, metal shredders, transformation industry, incinerators, chemical industry, …
The historical industrial activities in Northern France are the main cause of high contamination levels in the Upper-Scheldt river sediments. Most of the steel and non-ferrous metals' smelters are no longer active (e.g. Metaleurop at Noyelles-Godault at the Deûle river ceased their activities in 2003), but they discharged in the past high amounts of waste, especially metals, in the tributaries and canals of the Upper-Scheldt river creating highly contaminated sediments. In addition, mining activities have ceased since the 80's, but the extraction waste still pollutes soils, ground and river [2] [3] [4] . Deposition of these organic contaminants on the soils bordering the Upper-Scheldt river and its tributaries also contributed to the pollution of the sediments.
The Yser river ( Figure 1 ) flows from France to West-Flanders (Belgium) and is thus also a transboundary river with a total length of about 60 km. It is located about 50 km west of the Upper-Scheldt river but only 30 km from the Deûle river draining high amounts of contaminants to the Upper-Scheldt via the Spiere canal. The main difference with the Upper-Scheldt is that the Yser river has not been impacted by nearby industrial activities, neither in the past nor at present and that it is therefore used as a source of drinking water in Flanders. Since both rivers belong to separate river basins, no exchange of pollutants via the aquatic compartment is possible and only deposition processes may be in common. It is thus interesting to compare the contamination levels in the sediments in the Upper-Scheldt and the Yser rivers and to deduce the sources of that contamination.
Moreover, a comparison with background levels is also presented. Contaminants that have been 
MATERIALS AND METHODS

Sampling
Bottom sediment samples were collected in the rivers Upper Scheldt in October 2003 -eight stations between km=281, Bassin Rond, and km=185, Oudenaarde -and in the Yser in November 2005 -10 stations between km=58, la Cloche, and km=1, Nieuwpoort ( Figure 1 ) by a diver using a plexicore sampling tube. The surface sediment samples were homogenized, deepfrozen, lyophilized and ground in the laboratory.
The specific analytical procedures for determination of PCDD/Fs, dioxin-like PCBs, PAHs and trace metals are described into detail in the Supporting Information file. Below, a brief summary is given.
Chemical analysis of PCDD/Fs and dioxin-like PCBs
About 20 g of sediment sub-sample was extracted with toluene by pressurized liquid extraction using a Dionex (USA) ASE-200 extractor. The extracts were spiked with labeled congeners. A clean-up step was performed in 2 steps: first with a multilayer silica/silver nitrate/alumina column and secondly with a carbon column.
PCDD/Fs and dioxin-like PCBs were analyzed by GC -high resolution MS (Hewlett Packard 6890
and Autospec Ultima of Waters).
Analysis of PAHs
Sediment samples were first spiked with deuterated internal standards. Then about 10 g were extracted with a hexane-acetone (50/50) mixture by pressurized liquid extraction using a 
Analysis of metals
The extraction of trace metals from the sediment samples was performed in PTFE digestion bottles using the CEM Mars 5 microwave oven. To 0.1-0.2 g of lyophilized sediment sample 6 mL distilled HNO 3 and 2 mL HCl were added and the mixture was heated to 150 °C.
Trace metal analysis was performed using a Sector Field High Resolution ICP-MS (Thermo Finnigan Element II).
RESULTS
Recovery correction, confidence intervals and quality control
The PCDD/Fs, dioxin-like PCBs, PAHs trace metals concentrations in sediments from the Upper Scheldt river and the Yser river are shown in Table 1 .
PCDD/Fs and dioxin-like PCBs were determined in the sediment after an extraction and clean-up procedure. To account for the loss of each congener during that sample treatment, each sediment sample was spiked with known amounts of marked ( 13 C) congeners. To account for the loss of the 16 USEPA-PAH congeners during extraction and clean-up, a recovery factor for each congener was assessed on a reference sediment material (NIST SRM 1944): it varied between 60% (Acenaphtene) and 127% (Chrysene), but for 12 of the 16 PAHs, the range was much smaller (from 77 to 112%).
The recovery of the trace metals assessed on the CRM (LGC 6139) is close to 100% for each metal and does not require any correction for the extraction step.
The uncertainties on the analyte concentrations in a sediment were estimated by repeated analysis of a CRM for PAHs and trace metals and of a homogenized and lyophilized bulk sediment (our own reference sediment) that we collected in the Scheldt river at km=92 from the mouth for the PCDD/Fs and dioxin-like PCBs. The following uncertainties were observed: (1) on average 4.5% for the PAH congeners; (2) on average 16% for the PCDFs and 7% for 2,3,4,7,8-PeCDF (the congener with the highest TEF value of PCDFs), on average 26% for the PCDDs and 18% for TCDD (the congener with the highest TEF value of PCDDs), on average 13% for dioxin-like PCBs and 12% for PCB-126 (the congener with the highest TEF value of PCBs) and (3) between 2.9 and 5.2% for the trace metals.
Control charts of procedural blanks and of CRMs (PAHs and trace metals) or our own reference sediment (PCDD/Fs and dioxin-like PCBs) were used as a quality control for the analyses.
Longitudinal pollutant profiles in the Scheldt and Yser rivers
The sediments in the Upper-Scheldt river are generally much more contaminated than those in the Yser, except for Al which is, however, not a pollutant and has a completely different behaviour and nature than trace metals. The anthropogenic impact on the Upper-Scheldt river ecosystem was and is much more diverse and intense than on that of the Yser river, that mainly deals with agricultural activities. In the past, mining activities, smelters and textile industries developed along the Upper 8 . For all other pollutants we see that the majority of the sediments in the Upper-Scheldt river (from 57% for USEPA-PAHs to 100% for Cd, see Table 1 ) have higher pollutant levels than the maximum level in Yser sediments. The opposite is true for Al, an element that is often used as a proxy for the fine inorganic sediment fraction: 80% of the sediments in the A Spearman Rank Order correlation matrix (see Table S1 in Supplementary Material) including all our data shown in Table 1 was established. Except for Al, all p-values were below 0.05, indicating significant relationships and correlation coefficients at least 0.8 or higher (only those with PAH are somewhat lower). This information gives us new insight about the impact of industrial and agricultural activities on the contamination level of riverine sediments: although there is a large difference in magnitude of contamination, some common mechanism(s) may exist. For PAHs significant correlations were observed too, but with somewhat lower correlation coefficients. Al was not correlated with any of the other compounds as expected.
DISCUSSION
PAHs
The reference concentration for the 6 Borneff PAHs derived from low contaminated sediments in 14 . In both rivers, the LMW/HMW ratio is even beneath 0.5, except at Spiere-Helkijn with a value of 0.6, indicating a pyrolytic origin (Table 3 ). In addition of the LMW/HMW ratio, molecular ratios based on differences of thermodynamic stabilities between isomers of the same molecular mass have been frequently used to discriminate between PAH sources (Yunker et al., 2002) 15 . However, care must be taken when applying these ratios for source recognition, because in that case assumption is made that mass isomers have similar physical chemical properties and are subjected to degradation and dilution to the same extent during their transport to the sediment (Zhang et al., 2005) 16 . For example ratios involving LMW PAH compounds are less accurate than those of HMW compounds: the latter are less volatile and their ratios have thus a higher stability. In addition, PAHs can enter sediments via numerous sources, therefore isomer mass ratios are often studied simultaneously (multiple lines of evidence) ( (Table 4 ). 18 along the same stretch of the Upper-Scheldt. For several decades, periodical dredging of river sediments has been necessary to allow for shipping traffic on the river Scheldt. Since the 90ies dredged sediments are disposed in confined disposal sites, but previously the dredged sediments were simply stored on the river banks or on the shores of the alluvial plains without concern for the impact of these contaminated sediments on the environment including surface and ground water, fauna and flora.
Trace metals
The average concentrations of Cd (8.7 mg kg -1 ), Cu (84 mg kg -1 ), Pb (192 mg kg -1 ) and Zn (1,100 mg kg -1 ) in the dredged sediment landfills (Vandecasteele et al., 2002) 18 are all above the values observed in the sediments of the Oudenaarde, Spiere-Helkijn (here only slightly) and Antoing stations (see Table 1 ). This confirms that historical contamination levels in the Upper-Scheldt river (the sediments in the landfills were mainly dredged in the period 1945-1990) were much higher than today. Atmospheric trace metal emissions for the whole Flanders Region decreased between 2000 and 2008 with a factor 2 (7 for the period 1996-2008) for Cd, a factor 2. Since the sediments in the Upper-Scheldt river are heavily contaminated by trace metals, it is important to know more about their lability and mobility. At Helkijn (km 212), the upper sediment is gradually changing from a sub-oxic to an anoxic system. In the pore waters of that sub-oxic sediment zone increased concentrations of Fe, Mn, Co and Cu were observed using Diffusive Gradient in Thin Film (DGT) and Diffusive Equilibrium in Thin Film (DET) techniques by Gao et al. (2006) 6 . This is corroborated by a partial re-oxydation of AVS (Acid Volatile Sulphides) near the water-sediment interface, a solubilization of the trace metals and an increased toxicity (Lesven et al., 2008) 20 . Both studies allowed a ranking of the metals according to their mobility and hence bioavailability: Cu > Cd > Pb. The metals released from upstream sediment deposits may reaccumulate in downstream sediment deposits. Figure 2 . These fingerprints are strongly dominated by the OCDD congener, which represents between 73 and 85 % of the total PCDD/F concentration (pg/gsediment) in the sediments of the Upper-Scheldt respectively between 62 and 76 % in those of the Yser river. We can compare these congener patterns observed in the sediments with those from deposition measurements in the neighbourhood. The closest monitoring station of atmospheric deposition is Menen, located almost in the middle between the Yser and Upper-Scheldt rivers and at a nearest distance of about 20km from each. In these deposition samples, OCDD is again the dominant congener (VMM, 2008b) 21 with 55 to 66% of the total PCDD/F amount (Figure 3 ). The congener profiles in the sediments and in the atmospheric deposition samples are very similar, with OCDD by far the most ubiquitous followed by HpCDD. In the monitoring stations Gistel (North of the Yser) and Veurne (West of the Yser), again similar congener dioxin profiles were observed in the deposition material ( Figure 3 ). While combustion seems to be the major source of these PCDD/Fs in the atmospheric deposition and sediments, Baker and Hites (2000) 22 suggest another important source. They found that emission and deposition values balance well for most congeners except for OCDD, which seems to have about 40 times more deposition than emission. There is also a smaller but significant imbalance for HpCDD which seems to have about 6 times more deposition than emissions. Looking to an explanation, they suggest that some of the abundant Pentachlorophenol (PCP) in the environment can be converted in the atmosphere to OCDD, and to a lesser extent to HpCDD, and that this is the primary source of OCDD and HpCDD in environmental sinks. In fact, the vapour pressure of PCP is high enough for volatilization and consequently to disperse it widely in the environment. Hence, besides combustion processes conversion of PCP into OCDD and HpCDD in the atmosphere can not be ruled out as a potential source of PCDD/Fs in our deposition and sediment samples.
PCDD/F values
Past and present anthropogenic activities heavily contaminated the sediments of the Upper-Scheldt river, much more than those in the Yser river although for most of the pollutants studied in this rural river, Background Concentrations are also several times exceeded requiring for the production of drinking water a severe treatment of the river water. Only the highest levels of PAHs, PCDD/Fs, dioxin-like PCBs and copper in the Yser sediments reach the lower levels in the Upper-Scheldt sediments. Despite the differences in contamination level, a very good correlation between all pollutants in Upper-Scheldt and Yser rivers sediment samples was observed. This may suggest that some common mechanism and/or source(s) are causing that contamination. Based on diagnostic ratios established for PAH congeners with the same isomeric mass, the PAH contamination in both rivers should be combustion of biomass or coal. For PCDD/Fs a deposition mechanism can explain the contamination of the sediments. The source(s) is (are) either combustion and/or atmospheric 13 OCDD formation reactions from pentachlorophenol. Contamination of PAHs and PCDD/Fs in both river sediments are thus from atmospheric origin. For trace metals the contamination sources are more diverse. The high contamination in the Upper-Scheldt sediments is caused via direct wastewater discharges in the past and nowadays via stock piles of solid waste (Northern France), historical dumping sites of dredged sediments alongside the river border (Flanders) and run-off from soils contaminated by atmospheric deposition of trace metals. Higher Cu levels in Yser sediments are due to natural soil enriched in that element.
For trace metals (except for Cu) a substantial reduction of their sediment concentrations since the 80ies and 90ies is observed, but this is not the case for the PAH sediment concentrations. This is confirmed by emission trends (aquatic and atmospheric) of these contaminants, by comparison with dredged sediment landfills (Upper-Scheldt river Belgium) and with historical monitoring results by the French water agency (Agence de l'eau) in the Upper-Scheldt river (France). For PCDD/Fs this is probably also the case but there are no data available to confirm that.
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